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(57) Abstract 

A battery monitor (10) which monitors the operating parameters of a battery ( 12) to provide an indication of, for example, the absolute 
state of charge, the relative state of charge, and the capacity of the battery (12) under battery discharge, rest, and recharge conditions. The 
battery monitor (10) includes a current sensor (18) for sensing battery current, a voltage sensor (20) for sensing battery voltage, and a 
temperature sensor (22) for sensing battery temperature. A processor (26) approximates to a high level of accuracy the battery parameters 
utilizing an iterative process based upon predetermined relationships, employing empirically determined constants and parameters determined 
in the immediately preceding iteration stored in memory (28, 30, 33). Output signals (32. 16) indicative of the determined parameters are 
provided and may be utilized for many different battery applications. 
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BATTERY MONITOR AND METHOD 

Field of the Invention 

The present invention is generally directed to battery state-of- 
charge determination, and more particularly, to a monitor and method for making 
5 run-time prediction. 

BACKGROUND OF TH E INVENTION 
Lead-acid storage batteries have become highly refined since 
these devices were first used commercially about 125 years ago. Since Its 
introduction, the lead-acid storage battery has distinguished Itself as a highly 
10 efficient and reliable electrochemical energy source. Lead-acid storage batteries 
are also relatively insensitive to debilitating temperature effects over a broad 
temperature range of, for example, -40° to about 160° F. As a result, lead-add 
storage batteries lend themselves to a broad range of utilities which continues to 
increase. 

15 Transportation is one example of a commercial use for lead-acid 

storage batteries. Such batteries have been used for small or personal vehicle 
movement for quite some time. For example, such batteries have been used 
effectively for golf carts, wheelchairs, trolling motors or similarly small-scaled 
transportation devices. There has also been great interest recently in the 

20 adaptation of such storage batteries as a motive power source to larger vehicles 
such as the so-called "electric car." Such vehicles rely heavily upon the 
regenerative ability of lead-acid storage batteries to provide adequate power for 
transportation over reasonable distances, as for example, 50 miles, without the 
need for recharging. For such applications, it is of obvious importance to the 

25 user that a destination be reached prior to the need to recharge or replace the 
batteries. Currently, because of the rarity of electric vehicles for general 
transportation, facilities for recharging such batteries are uncommon and hence, 
travel must be carefully scheduled and monitored. In turn, there is a compelling 
need for monitoring the state of charge of the battery or batteries to provide an 

30 accompanying fuel gauge like indication of the amount of energy remaining in 
the battery or batteries for continued travel. 

Another example of commercial use of lead-acid storage batteries 
in in the field of uninterruptable power supply (UPS). In, for example, computer 
and telecommunications applications it is very important that the supply of 

35 electrical power not be interrupted. Loss of electrical power may result in tost 
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date and interruption of vital communication resources. Unfortunately, partial or 
complete interruptions of electrical power delivered by utility companies are 
common. To gaurd against potential problems associated with power supply 
interruptions, telecommunications companies, for example, employ battery 
5 technology to provided uninterrupted power. As will be appreciated, however, 
battery UPS is capable of providing adequate power to operate electrical 
equipment for only a finite period of time. More importantly, the operator of the 
equipment needs to how long the UPS will provide power and when it will be 
exhausted so that vital data may be saved prior to total power loss. 

1 o There have been a number of proposals in the prior art for 

providing monitoring of batteries. One arrangement examines the condition of a 
storage battery used as a starting, lighting and ignition battery for an internal 
combustion engine. This arrangement measures battery voltage under open 
circuit conditions and while the battery is subjected to a predetermined AC load 

15 and a predetermined DC load. The temperature of the battery is also monitored. 
A microprocessor uses the open circuit potential, the measured potential under 
both DC and AC loading, and the temperature to ascertain the characteristics of 
the battery. The internal resistance is determined and should It be found 
excessive, the battery is deemed defective. Open circuit voltage, internal 

20 resistance and temperature provide inputs for calculating the estimated power at 
a fully charged state. The apparatus then discharges the battery through a 
reference load for about 15 seconds at constant load and measures a 15 second 
battery voltage. This voltage is then compared to a similar voltage of a battery at 
about a 75% state of charge under the same conditions. If the voltage measured 

25 is higher than a value stored in the apparatus, the battery condition is deemed 
good. As a result, performance benchmarks are ascertained with a view toward 
determining battery capability. 

Another arrangement concerns an apparatus for determining the 
general state of charge of a battery. This approach, however, requires the 

30 battery to be taken off-line from its circuit and connected to a calibrated resistor 
to determine state of charge. The process requires the battery to be subjected 
to two loads, one corresponding to a minimum current consumption level or load 
and the other a maximum consumption level or load. The process includes 
monitoring the load condition between the minimum and maximum load 
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possibilities, periodically connecting the battery to a reference load when the 
minimum toad is applied to the battery sampling the voltage across the reference 
load, and comparing the sample voltage to an array of predetermined levels, 
each level corresponding to a different state of charge. The comparison thereby 
5 yields an indication of the present condition of the battery. 

A further arrangement determines state of charge of a battery 
based upon the integration of current During the first portion of the discharge, 
the state of charge is evaluated by integrating the current after compensating for 
the rate of discharge. Later in the discharge, the state of charge of the battery is 

10 determined from the lowest subpack voltage corrected for polarization. Battery 
polarization it is used to calculate a corrected battery voltage which Is used to 
terminate discharge at an appropriate time. 

A more improved battery monitor is shown and described in U.S. 
Patent No. 4,876,513 which is assigned to the Assignee of the present Invention. 

15 This monitor is a dynamic state of charge indicator for a storage battery 

characterized by a discharge curve relating available energy of the battery to a 
contemporaneous voltage over a range of voltage boundaries having 
predetermined end points corresponding to fully charged and effectively 
discharged for one charge cycle. The indicator includes a microprocessor which 

20 stores predetermined relationships between the contemporaneous voltage and 
the state of charge of the battery. A voltage sensor and a current sensor are 
connected to monitor battery voltage and current flow and to provide 
corresponding voltage and current signals to the microprocessor. The 
microprocessor periodically computes the internal resistance of the battery, the 

25 average voltage and current for a predetermined discharge time period and a 
corrected voltage as a total of Internal resistance voltage loss and average 
voltage with the state of charge being determined as a function of corrected 
battery voltage. 

U.S. Patent No. 5,321,627 which is assigned to the assignee of 
30 this application, discloses a further battery monitor and method which derives a 
plurality of parameters related to the state of the battery, such as relative state of 
charge, absolute state of charge, a "time to empty" which gives a prediction as to 
when the battery would be completely discharged, and a "time to fulP which 
gives a prediction as to when the battery would be fully charged. These 
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parameters are calculated on the basis of sensed battery current, voltage, 
temperature and elapsed time. Different branches of a program are used by the 
processor depending on whether the battery is in a charge mode, a discharge 
mode, or a state of rest The algorithm employed in the '627 patent uses a 
5 capacity adjustment step and works best for a set current load. 

A need therefore continues to exist for a battery monitor and 
method which incorporates a programmable low voltage cutoff so that the 
monitor may be suited for different applications, which will give a more accurate 
measurement of capacity, relative state of charge and absolute state of charge, 

10 and which will give a better run-time estimate or prediction of lime to empty". 

Summary of the Invention 
The present invention provides a battery monitor for monitoring 
operating parameters of a battery. The battery monitor includes a voltage sensor 
and a current sensor for sensing and generating signals based on battery 

15 voltage and battery current, respectively. A processor of the monitor is coupled 
to the voltage and current sensors and furthermore has an input for the receipt 
of a low voltage cutoff signal. The processor determines when the battery is in a 
stage of discharge and computes, as a function of the sensed voltage, the 
sensed current and the low voltage cutoff, a relative state of charge, an absolute 

20 state of charge and a period until the battery will be discharged below a 
predetermined level. An output means, such as a buffer for a display, is 
provided for outputting signals indicative of predetermined ones of the operating 
parameters. 

Preferably, under certain conditions the relative state of charge is 
25 calculated as a multiple-order polynomial function of an intermediate relative 

state of charge variable, the intermediate relative state of charge variable in turn 
being calculated as a function of the sensed voltage, the low voltage cutoff and 
sensed current. 

According to another aspect of the invention, the processor 
30 calculates a first capacity variable during a recharge cycle and a second 

capacity variable during a discharge cycle. When the battery is in a state of 
discharge, the second capacity variable is computed as a function of the first 
capacity variable. When the battery enters a state of recharge, the last stored 
second capacity variable is used to calculate the first capacity variable. In this 
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manner, the monitor has the ability to learn" and to track a variable capacity 
rather than using a static and predetermined battery capacity. 

According to another aspect of the invention, the monitor includes 
a temperature sensor for sensing battery temperature and producing a battery 
5 temperature signal in response thereto. A current capacity of the battery is 

computed by the processor as a multiple order polynomial function of the battery 
temperature. 

A principal technical advantage of the invention is the capability of 
providing a selectable low voltage cutoff for each different Intended use of the 
10 battery. The present Invention incorporates a new curve-fitting technique for 

temperature compensation in the determination of battery capacity. The capacity 
calculation has a learning capability; during discharge, the capacity is updated 
and stored for a subsequent discharge. This improves the accuracy of the 
monitor especially at low temperatures. Finally, the monitor of the present 
1 5 invention gives a more accurate "time to empty" prediction. 

Brief PpgcrlptiQH fff the prawinqs 
Other aspects of the present invention and their advantages will 
be discerned by reviewing the following detailed description when taken in 
conjunction with the drawings, in which like characters identify like elements, and 
20 In which: 

FIGURE 1 is a schematic block diagram illustrating the principal 
components of a battery monitor in accordance with a preferred embodiment the 
present invention; 

FIGURE 2 is a flow diagram illustrating a preferred manner in 
25 which the battery monitor of FIGURE 1 may be implemented for monitoring a 
battery in accordance with the present invention; 

FIGURE 3 is a flow diagram of a preferred main operational 
subroutine of a processor employed in the invention; 

FIGURES 4a and 4b together comprise a flow diagram of a 
30 preferred subroutine used when the monitored battery Is in a state of discharge; 
and 

FIGURE 5 is a flow diagram of a preferred subroutine used when 
the monitorized battery is in a state of recharge. 
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Detailed Description of a Preferred Embodiment 
FIGURE 1 illustrates, in block diagram form, a battery monitor 10 
embodying the present invention. The battery monitor 10 is associated with a 
battery 12, such as a lead-acid battery, and a load 14, which may be a varying 
5 load, such as in UPS type applications. The battery monitor 10, at spaced apart 
time intervals, measures the current, voltage, and temperature of the battery 12, 
and responsive to these measured quantities, provides output signals indicative 
Of the operating characteristics of the battery 12 at an output 16, which may be 
connected to a display (not shown) and/or which may be used as a control 

10 signal to e.g. initiate load disconnect or cutover to an alternative power source. 
The output signals may include signals indicative of, for example: (a) a relative 
state of charge (RELSOC) of the battery which is the percentage of battery 
capacity immediately available at a specified discharge rate, such as a 15 
mininute rate; (b) an absolute state of charge (ABSOC) of the battery which Is 

15 the percentage of battery capacity the battery has based upon a greater than 
100 hour discharge rate; (c) an output battery capacity which is the amount of 
amp-hours that the fully charged battery has if discharged at a specified 
discharge rate, such as the 15 minute rate; (d) an output time to empty" (TTE) of 
the battery which is the time remaining until the battery reaches a customer 

20 selectable low voltage cutoff (LVCO), such as 10.499 volts, if discharged at a 
specified discharge rate, such as the present current level. The battery 
monitor 10 generally includes a current sensor 18, a voltage sensor 20, and a 
temperature sensor 22 all connected to a processor 26. A timer 24, a processor 
26, a read-only memory 28, a random-access memory 30 and an output means 

25 32 are also connected to processor 26. Output means 32, which may include 
digital to analog conversion, buffering and/or a communications Interface, 
provides parameter output signals at output 16. A programmable read-only 
memory (PROM) 33 may be provided to store information that is configured at 
the factory for the user. This information can include any of various operational 

30 constants, and advantageously may include a low voltage cutoff (LVCO) 

constant that will vary according to the application of the battery. Alternatively or 
in addition, a user terminal 35, which for example may consist of a simple 
keypad, may be provided for the entry by the user of LVCO and other 
operational constants. PROM 33 and terminal 35 have their outputs connected 
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to respective input terminals of the processor 26, either directly or by means of 
data and address buses as is well known in the art 

The current sensor 18 is coupled in series between the battery 12 
and the load 14 for sensing the current drawn from the battery 12 and may be of 
5 any form well known in the art for sensing a current within a circuit The voltage 
sensor 20 is coupled across the battery 12 for sensing the output voltage of 
battery 12 and may be of any form well known in the art for sensing the voltage 
of a power source. The temperature sensor 22 may be of any form well known 
In the art for sensing the temperature of the battery. Alternatively, for those 

10 applications where the temperature of the battery is to be maintained at a known 
constant level, the temperature sensor 22 may be omitted and a fixed 
temperature used for generating a battery temperature signal to processor 26. 

The timer 24 initiates computing times and causes the processor 
26, at spaced apart time intervals, to read the voltage sensor signal from sensor 

15 20, the temperature sensor signal from sensor 22, and the current sensor signal 
from sensor 18, and based on these signals, the low voltage cutoff, certain 
predetermined constants and the algorithm described below, provides the output 
means 32 with intermediate control signals indicative of the output parameters. 
The Intermediate control signals may be multiple bit binary words which are 

20 converted to analog signals by a digital to analog converter (not shown) of the 
output means 32, for example. Although the timer 24 is shown external to the 
processor 26, as well known in the art, the timer 24 may be included within the 
processor 26 without departing from the present invention. 

Alternatively, the battery monitor may initiate computing times 

25 through a different mechanism. For example, the processor may initiate the 

computing time at the completion of the last read operation. In these cases, the 
timer 24 would be coupled to the processor 26 to indicate the time elapsed 
between consecutive iterations: in this embodiment, the timer 24 would indicate 
the time it took to complete the last iteration. Preferably, the timer 24 supplies a 

30 day number, hour, minute and second value to the processor 26. The processor 
26 converts these values into various time-related variables used in determining 
watt hours remaining and ampere hours remaining as will be described below. 

The processor 26 may take different forms. For example, the 
processor 26 may be a digital signal processor, a microprocessor, a 
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microcontroller, or a general purpose computer. The processor 26 obtains 
operating instructions from ROM 28 via a multiple-bit bus 34 to control its 
executions for generating the intermediate control signals In a manner to be 
described hereinafter. 

5 The random-access memory (RAM) 30 is coupled to the processor 

26 by a multiple-bit bidirectional bus 36. 

The battery monitor 10 uses iterative processing for determining 
the operating parameters of the battery. RAM 30 is used for storing constants 
retrieved from ROM 28, signal LVCO from (e.g.) PROM 33, and the operating 

10 parameters computed by the processor 26 during its last iteration. Certain of 
these stored parameters are used by the processor 26 to determine the 
operating parameters of the battery 12 during the next Iteration. In addition, the 
RAM 30 may also be used by the processor 26 for storing last measured values 
such as the current of the battery (CURR) measured during this iteration. Each 

15 such sensed or measured value or operating parameter stored in the second 
memory 30 will therefore be referred to hereinafter as the last corresponding 
measured value or computed parameter. For example, In implementing the 
battery monitor 10, during each iteration, the microprocessor stores two 
parameters related to the newly calculated capacity of the battery, the relative 

20 state of charge of the battery, the absolute state of charge of the battery, a factor 
^ to be described hereinafter, and the current of the battery. 

As will be seen hereinafter, the relationships implemented by the 
processor 26 between the sensed current, sensed voltage, and sensed 
temperature of the battery provide a very accurate approximation of the 

25 operating parameters of the battery 12 under all conditions including discharge 
and recharge of the battery. These relationships require the use of a number of 
empirically determined constants. These constants, and the manner of 
empirically deriving the same, are discussed immediately hereinafter. 

Constants "g\ "h" and T are empirically derived constants used in 

30 a curve-fitting technique which employs the battery temperature in order to 
calculate a non-temperature-corrected remaining capacity (RCAP) and a 
beginning temperature corrected rated capacity (RATEDCAP) as a function of an 
initial rated capacity (RATEDCAPINI) as multiplied by a multiple-order polynomial 
function of the battery temperature. 
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Constants "PEB\ "PEC* and "PED" are empirically derived multipliers tor a current 
variable (PCURR) and are used to calculate RCAP in conjunction with 
temperature. 

Constants "a", V 9 "C, "d", -e", and T are empirically derived 
5 multipliers used in conjunction with measured current in the calculation of an 
intermediate state of charge variable, FGRELSOC, that in turn is used for the 
calculation of relative state of charge. 

Constants "aaa 11 , 'bbb\ "ccc", "ddd\ "eee", TfT, "ggg", "hhh" and -ill" 
are empirically derived multipliers of various terms in a multiple-order polynomial 
10 function for the calculation of a factor (FACTOR), itself used in the calculation of 
relative state of charge. 

Constant H gsb" is a battery limit, measured in volts, above which a 
gassing current is generated during recharging the battery. At gsb volts and 
above, a portion of the recharging current is not recharging the battery. The 
15 constant "gsb" is used in the calculation of WGASFACTOR, an efficiency 
multiplier which varies according to the sensed voltage of the battery. 

Constant LVCO is a low-voltage cutoff preferably selected by the 
manufacturer according to the intended application of the battery* 
The following is a list containing typical values for the constants described above 
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for a typical 30 amp-hour telecommunitions UPS battery manufactured by 
Johnson Controls, Inc., the assignee of the present invention. 



Table of Constants 





9 




0.79156 


5 


h 


= 


0.0109697 °F' 




i 


= 


-1.12389x10"* "P 2 




PEB 


ss 


.190707 b 




PEC 


= 


-0.003722 (amps) w -h 




PED 


c 


-4.201923 


10 


a 


S5 


0.008797 ohms 




b 


= 


241.0829 




c 


= 


-0.073599 watts 




d 


= 


0.008354 amps' 1 




e 


= 


271.0421 amps 


15 


f 




0.042262 amps 




aaa 




-5.32x10 s 




bbb 




-3.8969 




ccc 




0.0073805 




ddd 




5.51927 


20 


eee 




•0.12919 








-3.08845 




999 




0.491905 




hhh 




1.346428 




Hi 




0.5103199 


25 


gsb 




13.8 volts 




LVCO 




10.499 volts 



FIGURES 2-5 are flow diagrams of the operation of processor 26 
according to the invention, with FIGURE 2 illustrating the main operating program 
of the invention and FIGURES 3-5 illustrating various subroutines thereof. The 

30 programs starts at step 100 and initializes the program's variables and constants at 
step 102. The constants are read from read-only memory 28 or PROM 33 and are 
stored in random access memory 30. These constants are listed In the Table of 
Constants given above. Also at this step, the variables used in the algorithm 
according to the invention are initialized. Certain of these initialized variables are 

35 given in the table immediately below. They include the absolute state of charge 
(ABSOC) and the relative state of charge (RELSOC); an initial rated capacity 
RATEDCAPINI, a rated capacity RATEDCAP and a further capacity calculation 
variable RCAP; a rated current variable RAMP, initialized as -.01 of RATEDCAPINI, 
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and measured in amperes; and a flag variable CHGFLAG designed to switch the 
algorithm to recharge or discharge subroutines depending on its value. 

Table of Initialized Variables 

ABSOC = 1 

5 RATEDCAPINI = 37.1183 amp-h 

RATEDCAP - 37.1 1 83 amp-h 

RAMP = -0.371 1 83 amperes 

RELSOC = 1 

CHGFLAG = 2 

10 RCAP = 37.1 183 amp-h 



At step 104, constant LVCO Is read (in one embodiment) from 
PROM 33, and a timing variable "st" is read from the timer 24. At step 106, the 
voltage is sensed from the volt sensor 20, the current of the battery is sensed from 
the current sensor 18, and the battery temperature is sensed from the battery 

15 temperature sensor 22. These become the values for variables VOLT, CURR and 
BATTEMP, respectively. 

At step 1 08, a variable TIME is calculated as a function of the time st 
read at step 104. In a preferred embodiment, variable TIME is calculated by going 
to a subroutine that reads hours, minutes and seconds, and adds twenty-four 

20 hours for each day that has elapsed. The returned variable is denominated In 
hours. 

At step 110, the main program enters a subroutine MONITOR for 
making the time to empty predication which is illustrated in detail In FIGURE 3. At 
step 1 12 in FIGURE 3, an elapsed time DELTIME is calculated by subtracting the 
25 read time from the last stored time. A power variable WATT is calculated at step 
114 as the product of CURR and VOLT. At step 116, a current variable PCURR is 
calculated as the negative of CURR; PCURR is used in a pair of polynomial 
expressions in which the square root and a fractional exponent of this variable are 
calculated. 

30 At step 1 18, the number of watt-hours remaining (WHREM) and the 

number of ampere-hours remaining (AHREM) are calculated by taking the last 
stored values of WHREM and AHREM, respectively, and adding (or subtracting) an 
increment. In the case of WHREM, the power consumed (or added back to the 
battery) is multiplied by the elapsed time DELTIME, and this amount is added to 

35 the last stored WHREM. Similarly, for AHREM, the amount of elapsed time 
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DELTIME is multiplied by the current CURR, and this value is added to the last 
stored value for AHREM and then restored in memory 30. If the battery Is in a 
discharge mode, the current will be negative and the number of ampere hours 
remaining will decrease; if the battery is in a recharge mode, variable AHREM will 
5 increase. 

At step 120, the program tests where the battery current CURR is 
below the value RAMP. It will be recalled that RAMP is initialized as a small 
negative value. If the current CURR is beneath this value, it indicates that the 
battery is in discharge mode, and the program branches to subroutine 

10 DISCHARGE at step 122. If the value for current CURR is above this value, the 
program branches to subroutine RECHARGE at step 124. 

Subroutine DISCHARGE is illustrated In detail in the flow diagram 
started in FIGURE 4a. At step 126, a first temperature-corrected rated capacity 
variable RATEDCAP is calculated as a function of the initial rated capacity 

1 5 RATEDCAPINI times a multiple-order polynomial expression of the battery 
temperature BATTEMP, preferably a second-order polynomial expression as 
shown. At step 128, the temperature-corrected rated capacity RATEDCAP Is used 
to calculate a current capacity variable CRNTCAP. This step uses PCURR, 
PCURR 1 5 and PCURR 03 , as respectively multiplied by empirically derived constants 

20 PEB, PEC and PED, to calculate CRNTCAP. The expression in step 128 calculates 
CRNTCAP according to a curve that has been fitted to empirically derived data 
Similarly, the temperature correction performed at step 126 uses a two-order 
polynomial expression to fit the calculation to a curve of empirically observed data 
At step 130, the sensed voltage VOLT Is tested against the low 

25 voltage cutoff LVCO. If the voltage is above the low voltage cutoff, then an 

intermediate relative state of charge variable FGRELSOC is calculated as a function 
of VOLT, LVCO and CURR. This function is a multiple order polynomial expression 
and is given in Equation 1 below: 

FCRELSCC-l VOLT-LVCO ) 

a (b* CURR) ♦— !- 
CURR 

(i) 

30 Once again, this expression fits the calculation of FGRELSOC to a 

curve of empirically derived data. If the voltage is below the low voltage cutoff, 
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then 0 is Instead assigned to the variable FGRELSOC at step 134. 

Both branches proceed next to a step 136 which calculates a factor 
FACTOR as a polynomial expression of FGRELSOC. Preferably, this polynomial 
expression Is fourth-order. A preferred polynomial expression Is given below: 

FACTOR* a fla * ccc *ragl^OC*eeere^ 

X +bbbFGRELSOC+ dddFGRELSOC 2 ♦ fff FGRELSOC* +hhhFGRELSOC* 

5 (2) 

At decision step 138, the relative state of charge RELSOC is tested 
against 0.85. In the first pass through the program, the relative stage of charge 
RESLOC will be 1.0, and therefore the program will branch to step 140 in which the 

relative state of charge is calculated as CR1 ^^? EH . If RELSOC is below 

9 CRNTCAP 

10 0.85, then RELSOC is calculated as a function of the last stored RELSOC plus a 
factored component of the last stored FGRELSOC at step 142, as shown. As an 
artifact of these calculations, RELSOC may be assigned a negative number; in this 
event, at step 144, RELSOC is limited to 0 or above. 

At step 146, a variable for the amount of state of charge that has 

15 been used (SOCUSED) is calculated as a function of the last sensed current 
(CURR), the lapsed time DELTIME and the temperature-corrected capacity 
RATEDCAP. The program then continues to FIGURE 4b through connector 148. 

Referring to FIGURE 4b, at step 150 variable SOCUSEDTOT, which 
is representative of the total or cumulative stage of charge used, is tested against 

20 0.05. If SOCUSEDTOT is greater than 0.05, a further decision block 1 52 is reached 
in which the sensed voltage VOLT is compared with the retrieved low voltage cutoff 
LVCO. If the answer is yes, a further capacity variable RCAP is calculated at step 
154 as a curve-fitting multi-order polynomial expression of AHREM, RELSOC, 
PCURR AND BATTEMP: 

/t^r^ ' (PEB(PCURR) +PEC(PCURR) 1 - i +PED{PCORR) 0 -*) 
RCAP* 1 ' RELSOC — 



g+hBATTEMP+iBATTEMP 2 

25 (3) 
tf SOCUSEDTOT is less than or equal to 0.05 or the sensed voltage 
is not greater than LVCO, the calculation of RCAP is bypassed. Both program 
paths converge to step 156, which computes 'lime to empty" (TTE) as a product of 
RELSOC, CRNTCAP and the reciprocal of CURR. If by this calculation, TTE as 
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calculated Is less than 0, then TTE Is limited to 0 at step 158. At step 

160, the total state of charge used (SOCUSEDTOT) is Incremented. At step 162, 
the absolute state of charge ABSOC is calculated as 1 -SOCUSEDTOT, such that 
the absolute state of charge and the total state of charge used will always sum to 
5 1 . At step 1 64, the subroutine flag CHGFLAG is set to 0 to indicate that the battery 
Is In a discharge mode or state. The program returns at step 166. 

Returning momentarily to FIGURE 3, if the sensed current CURR is 
greater than RAMP at step 120, the program determines that the battery is In a 
recharge mode, and subroutine RECHARGE is entered at step 124. This 

10 subroutine Is illustrated In detail in FIGURE 5. At step 170, the program ascertains 
whether CHGFLAG is greater than or less than 1 ; if so, it indicates that the 
RECHARGE mode has just been entered. In this instance, the variable 
RATEDCAPINI is set to the variable RCAP at step 172. If the battery had fust left a 
discharge mode, by this step a calculated or learned" and temperature corrected 

15 rated capacity Is used in this and subsequent consecutive RECHARGE cycles. In 
either event, the program proceeds to step 174 in which the variable CRNTCAP Is 
reset to RATEDCAPINI. A! decision step 176, the sensed voltage VOLT is 
compared against a gassing voltage limit gsb. If VOLT is above gsb, which In one 
embodiment is set at 13.8 volts, a gassing current factor WGASFACTOR is 

20 calculated at step 1 78 as a function of the sensed voltage VOLT and gsb. 
Otherwise, at step 180 WGASFACTOR is set to 1. 

Next, at step 182, the used state of charge SOCUSED is calculated 
as a product of the current,. WGASFACTOR and the elapsed time DELTIME, as 
divided by the temperature-corrected rated capacity RATEDCAP. The value of 

25 variable RATEDCAP is carried over from the discharge mode, in which It is 

calculated as a multiple-order polynomial of the initial rated capacity RATEDCAPINI 
and the battery temperature BATTEMP. At step 184, the total state of charge used 
SOCUSEDTOT is decremented by adding SOCUSED to It, because in this Instance 
SOCUSED will be a negative number. The absolute state of charge ABSOC Is 

30 calculated at step 186. If ABSOC is calculated as greater than 1, it is limited to 1 at 
step 188. At step 190, variable TTE is set to ABSOC for display purposes only, 
and the relative state of charge variable RELSOC is set to ABSOC as well. At step 
192, the mode flag CHGFLAG is set to 1 to indicate that the program has just 
exited a recharge cycle and an iteration of the RECHARGE subroutine and control 
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Is returned to subroutine ENERGYEYE at step 194. Notice that RATEDCAPINI, as 
last calculated by subroutine RECHARGE, is used In the next encountered cycle of 
subroutine DISCHARGE to calculate a temperature corrected rated capacity 
RATEDCAP. In this way, stored and updated values of the battery capacity are 
5 used in subsequent iterations to give a more accurate idea as to the actual battery 
capacity. 

Returning to FIGURE 3, the next step in subroutine ENERGYEYE is a 
decision step 196, which compares RELSOC to ABSOC. If RELSOC is greater than 
ABSOC, then the program branches to step 198 at which the total state of charge 

10 used (SOCUSEDTOT) is recalculated and the absolute state of charge ABSOC is 
set to relative state of charge variable RELSOC. Otherwise, the program branches 
directly to step 200 to limit SOCUSEDTOT to greater than or equal to 0. At step 
202, variable ABSOC is limited to between 0 and 1, inclusive. The variables are 
stored for the next iteration at step 204, and control is returned to the main 

1 5 program at step 206. 

Returning to FIGURE 2, selected ones of the calculated variables or 
parameters are output at step 208 using the output means 32. These parameters 
are output in order to give the user an indication of the state of the battery, and 
may include the absolute state of charge ABSOC, the relative state of charge 

20 RELSOC, a number of ampere-hours remaining AHREM, a "time to empty" TTE, 
and other parameters as desired, such as voltage, current and battery temperature. 
The program then loops back to read the next sensed voltage, current and battery 
temperature at step 106. 

In summary, an improved apparatus for determining and displaying 

25 the run-time of the battery has been illustrated and described. A low voltage cutoff 
variable, which is selected by the user, is incorporated Into the run-time calculation. 
The battery capacity is calculated according to functions fitted to curves of 
empirically-derived data relating to sensed current, battery temperature and other 
variables. 

30 While a preferred embodiment of the invention has been described 

in the above detailed description and illustrated in the accompanying drawings, the 
invention is not limited thereto but only by the scope and spirit of the appended 
claims. 
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WHAT IS CLAIMED IS: 

1. A battery monitor for monitoring operating parameters of a battery, 
comprising: 

a voltage sensor for sensing a battery voltage of the battery and 
5 outputtlng a voltage sensor signal In response thereto; 

a current sensor for sensing a battery current of the battery and 
outputting a current sensor signal in response thereto; 

a processor coupled to receive the voltage sensor signal, the current 
sensor signal and a low voltage cutoff signal; 
10 a memory coupled to the processor for storing selected ones of the 

operating parameters and values of the voltage sensor signal, the current sensor 
signal and the low voltage cutoff signal; and 

the processor determining when the battery is in a state of discharge 
and computing, based upon the voltage sensor signal value, the current signal 
15 value and the low voltage cutoff signal value, (a) a relative state of charge, (b) an 
absolute state of charge and (c) a time period left until the battery will be 
discharged below a predetermined level. 

2. The battery monitor of Claim 1 , wherein the processor calculates an 
intermediate relative state of charge variable based upon the low voltage cutoff 

20 signal value, the processor using the intermediate relative state of charge variable 
to calculate the relative state of charge under a predetermined condition. 

3. The battery monitor of Claim 2, wherein the memory stores a last 
calculated value of the relative state of charge, the predetermined condition 
including the last calculated value of the relative state of charge being In a 

25 predetermined range. 

4. The battery monitor of Claim 2, wherein the intermediate relative 
state of charge variable is calculated as a function of the low voltage cutoff signal 
value and a polynomial function of the current sensor signal value under a 
predetermined condition. 
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5. The battery monitor of Claim 4, wherein the predetermined condition 
includes having the voltage sensor signal value within a predetermined relation to 
the low voltage cutoff signal value. 

6. The battery monitor of Claim 2, wherein the relative state of charge 
5 Is calculated as a multiple order polynomial function of the intermediate relative 

state of charge variable under a predetermined condition. 

7. The battery monitor of Claim 6, wherein the memory is adaptable to 
store a last calculated value of the relative state of charge, the predetermined 
condition including having the last calculated value of the relative state of charge 

10 fall within a predetermined range. 

8. A battery monitor for monitoring operating parameters of a battery, 
comprising: 

a voltage sensor for sensing a battery voltage of the battery and 
outputting a voltage sensor signal in response thereto; 
15 a current sensor for sensing a battery current of the battery and 

outputting a current sensor signal in response thereto; 

a processor coupled to receive the voltage sensor signal and the 
current sensor signal, the processor computing operating parameters at spaced 
apart computing times; 
20 a memory coupled to the processor for storing values of the voltage 

sensor signal, the current sensor signal and selected ones of a pluarlity of 
operating parameters including first and second capacity variables; and 

the processor determining when the battery is in a state of discharge 
and then computing as a function of a last computed value of the first capacity 
25 variable, the second capacity variable, the processor determining when the battery 
enters a state of recharge and then computing as a function of a last computed 
second capacity variable, the first capacity variable. 

9. The battery monitor of Claim 8, and further comprising a temperature 
sensor for sensing a battery temperature and outputting a battery temperature 

30 signal in response thereto, the processor coupled to receive the temperature 
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sensor signal, the memory adaptable to store a value of the temperature sensor 
signal, a third capacity variable included among the operating parameters; 

the processor, during the discharge mode, computing the third 
capacity variable as a function of the first capacity variable and the temperature 
5 sensor signal value, the second capacity variable being calculated as a function of 
the third capacity variable. 

10. The battery monitor of Claim 9, wherein the third capacity variable is 
calculated as a multiple-order polynomial function of the temperature sensor signal 
value. 

10 11. The battery monitor of Claim 8, wherein a third capacity variable is 

included among the operating parameters, the third capacity variable being 
periodically calculated by the processor as a function of the current sensor signal 
value and the first capacity variable, the second capacity variable being calculated 
as a function of the third capacity variable. 

15 12. The battery monitor of Claim 1 1 , wherein the third capacity variable 

is calculated as a polynomial function of the current sensor signal value. 

1a The battery monitor of Claim 8, wherein a relative state of charge Is 
included in the operating parameters, the relative state of charge computed as a 
function of the first capacity variable, the second capacity variable computed as a 
20 function of the relative state of charge. 

14. The battery monitor of Claim 13, and further comprising a 
temperature sensor for sensing a battery temperature and outputting a battery 
temperature signal in response thereto, the processor coupled to the temperature 
sensor for receiving the battery temperature signal and deriving a temperature 
25 value therefrom, the memory adaptable to store the temperature value; 

the relative state of charge being computed as a function of the 
temperature value. 
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15. A method for monitoring operating parameters of a battery in 
monitoring cycles performed at each of a plurality of spaced-apart times, each 
monitoring cycle comprising the steps of: 

sensing a voltage of the battery; 
5 sensing a current of the battery; 

retrieving from a memory a predetermined low-voltage cutoff; 
using a processor to compute, as a function of the sensed voltage, 
the sensed current and the low voltage cutoff, (a) a relative state of charge, (b) an 
absolute state of charge and (c) a time period until the battery will be discharged 
10 below a predetermined level, the relative state of charge, absolute state of charge 
and time period being among the operating parameters; and 

outputting signals indicative of predetermined ones of the operating 

parameters. 

16. The method of Claim 1 5, and further comprising the steps of: 

15 predetermining the low voltage cutoff according to the intended use 

of the battery, and 

programming the memory with the predetermined low voltage cutoff. 
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17. A method for monitoring operating parameters of a battery in a plurality of 
monitoring cycles performed by a processor at respective spaced-apart times, 
comprising, for each cycle: 

sensing a voltage of the battery; 
5 sensing a current of the battery; 

storing the sensed voltage and the sensed current; 

storing selected ones of the operating parameters as calculated for 
the last monitoring cycle, the operating parameters including first and second 
capacity variables; 

10 determining whether the battery is in a state of discharge or has 

entered a state of recharge; 

if the battery is in a state of discharge, calculating a current value of 
the second capacity variable as a function of a last value of the first capacity 
variable; and 

15 if the battery has entered a state of recharge, calculating a current 

value of the first capacity variable as a function of the last value of the second 
capacity variable; and 

outputting signals indicative of predetermined ones of the operating 

parameters. 

20 18. The method of Claim 17, and further comprising, for each monitoring 

cycle when the battery is in a state of discharge, the steps of: 
sensing a temperature of the battery; 

calculating a third capacity variable as a function of the last value of 
the first capacity variable and the sensed temperature; and 
25 calculating the second capacity variable as a function of the third 

capacity variable. 

19. The method of Claim 18, wherein the step of calculating the third 
capacity variable is performed as a multiple-order polynomial function of the 
sensed temperature. 

30 20. The method of Claim 19, wherein the step of calculating the third 

capacity variable is performed as a polynomial function of the sensed current. 
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